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Introduction
Sensorineural hearing impairment (SNHI) is a common clinical disorder that severely to profoundly affects at least 1 in 1000 children of developed countries [1] . Cochlear implantation (CI) is currently regarded as the standard treatment for severe to profound SNHI in children. CI has well-documented benefits for spoken language, reading skills, and cognitive development [2] , but the outcomes after CI can vary among individuals. Age at implantation [3, 4] , residual hearing [5] , the presence of inner ear malformations [6] , the presence of cochlear nerve deficiency [7] , parent-child interactions [2] , and socioeconomic status [2] have all been shown to affect the outcomes.
Genetic factors contribute to SNHI in more than 50% of these patients [8] . To date, more than 100 genes and loci have been associated with deafness, and approximately 50 genes have been shown to cause non-syndromic hereditary hearing impairment (The Hereditary Hearing Loss Homepage, http://hereditaryhearingloss.org/) [9] . Due to limitations in mutation detection methodologies, most of the existing studies have focused on the three most common deafness genes, GJB2 (or Cx26), SLC26A4 (or PDS), and MT-RNR1 [10] , in the context of epidemiological studies or examining the correlation between CI outcomes and genotypes [11] [12] [13] [14] . Only 1/3 of SNHI patients and 1/4 patients with CI can be identified as having known mutations in common deafness genes [10, 14] . The development of massively parallel sequencing (MPS), also known as next-generation sequencing, has allowed researchers and clinicians to more easily address such extraordinarily heterogenetic disorders [15] [16] [17] [18] [19] [20] . The powerful strategy of simultaneously obtaining high-throughput reads from multiple targeted genes in numerous samples has reduced the sequencing cost and turnaround time of genetic examination. In recent years, MPS technology has been widely used to examine the prevalence of relatively rare deafness genes and the correlations between various genotypes and the outcomes of CI rehabilitation [15, [19] [20] [21] [22] [23] [24] .
The auditory performance in patients with CIs can be predicted according to the pathologies that are associated with mutations in different genes [14, 20-22, 24, 25] . When the function of the mutated gene is confined to the intra-cochlear etiology, good post-CI auditory performance is possible [14] . Conversely, poor CI performance can be predicted when the causative mutation occurs in a gene that is expressed in the spiral ganglion neurons (SGNs), brainstem auditory nuclei, or hair cell synapses. Genetic information about predicted good or poor CI outcomes could allow clinicians to counsel patients on whether to undergo an operation and/or decide on a rehabilitation program [24, 26] . Therefore, it is beneficial to identify the causative gene mutation prior to CI intervention. A greater knowledge of the genetic backgrounds of deafness patients with CI will enable clinicians to offer a more precise, genetically based prediction of CI outcome.
In this study, we sought to unveil the prevalence rate of rare deafness-associated variants in 41 Taiwanese SNHI patients with CIs, using MPS technology. We also examined the relationship between the identified variants and the outcomes of CI.
Materials and methods

Subject recruitment
A total of 41 probands who had bilateral hearing loss and lacked the known mutations in common deafness genes, including GJB2, SLCA26A4 and m.1555A>G in MT-RNR1 [27] , were recruited from Chang Gung Memorial Hospital (CGMH). All participants had non-syndromic hearing loss without any other organic abnormality and had undergone unilateral CI at CGMH. The subjects included three probands from multiplex families and 38 simplex probands. Their average residual hearing before implantation was 103.3±11.4 dBHL (decibels Hearing Level). The subjects included 18 males (43.9%) and 23 females (56.1%). The average age at which they received CI was 6.6 years old (range, 0.9 years to 33.3 years).
The study protocol and written informed consent form were approved by the Chang-Gung Memorial Hospital Ethics Committee for Human Studies. Signed informed consent forms were obtained from all participants or their guardians before we began the testing procedures.
Massively parallel sequencing
Genomic DNA (gDNA) was extracted from peripheral blood using a QIAamp DNA blood mini kit (Qiagen, Taiwan). DNA libraries were generated by the targeted exon amplification method. An Ion Ampliseq TM Custom Panel of 40 relatively rare and non-syndromic deafness genes (14 autosomal dominant, 19 autosomal recessive, 6 autosomal dominant/recessive, and 1 X-linked; S1 
Data analysis
The raw sequence reads were processed using the Ion Torrent Suite TM Software and aligned to a reference human genome sequence (Feb. 2009, GRCh37/hg19) with a Torrent Mapping Alignment Program optimized to the Ion Torrent TM data. The variant calling process was conducted using the Torrent Variant Caller plug-in software (all from Life Technologies).
Filtering criteria
Variants called by the Torrent Variant Caller were annotated through wANNOVAR, a webbased application for gene and amino acid annotation and functional evaluation [29, 30] . The following criteria were used to select variants: a non-synonymous variant in an exonic region; an allele frequency below 3% in the Asian population, as indicated by the 1000 Genomes Project [31] and Exome Aggregation Consortium (ExAC) [32] , with a variant frequency of 30-70% for heterozygous variants and 85-100% for homozygous variants; allele coverage exceeding 30X; and variant allele coverage exceeding 15X. We also included variants that could lead to the synthesis of immature proteins (e.g., nonsense, INDEL, and splicing site variants) and missense variants that were nonsynonymous and annotated as "deleterious", "damaging", or "possibly damaging" by SIFT [33] , Polyphen 2 [34] , or Mutation taster [35] (Fig 1) . All of the selected variants were further screened in 128 ethnically matched normal hearing controls (see Acknowledgements). Finally, bi-allelic variants selected for autosomal recessive genes were retained. The filtered variants were confirmed by Sanger sequencing and then taken as candidate variants.
Evaluation of auditory and speech performance
To evaluate auditory performance in CI patients, we used the Categories of Auditory Performance (CAP) scale [36] and the Speech Intelligibility Rating (SIR) scale [37] . The CAP, which evaluates the auditory receptive ability, places an individual into one of eight categories ranging from "no awareness of environmental sound" (CAP score = 0) to "uses the telephone" (CAP score = 7). The SIR, which evaluates spontaneous speech intelligibility, places an individual into one of five categories ranging from "unintelligible speech" (SIR score = 1) to "speech intelligible to all listeners" (SIR score = 5). The CAP and SIR scales have been confirmed as reliable instruments for measuring CI outcomes [36, 37] . We referred to the literature to identify appropriate criteria [24] , and classified a poor CI outcome as corresponding to CAP � 5 and SIR � 3.
Result
Identification of candidate variants
We identified a total of 13 previously unidentified candidate variants in nine deafness genes, as found in 10 of the 41 CI patients (24.4%) (Fig 1 and Table 1 ). The allele frequency of each of the 13 candidate variants was very low in the east Asian populations captured in the 1000 Genomes Project and ExAC, and these variants were all absent from our 128 normal Taiwanese controls. The 13 candidate variants included 12 missense variants in nine cases that were predicted to have damaging or disease-causing effects by causing amino acid changes, as assessed by protein-impact predictors, and one inversion variant found in one case (Table 1 and Fig 2) . We identified four heterozygous variants responsible for autosomal dominant SNHI (ADSNHI) in four probands (DE3864, DE3335, DE3395, and DE4467). One homozygous variant and two compound heterozygous variants were consistent with recessive inheritance in two probands (DE3241 and DE4372). However, DE3386 harbored three candidate variants in genes whose mutations had previously been associated with dominant or recessive inheritance, making it impossible for us to conclusively determine how any one of the variants impacted the patient's phenotype. Three probands (DE3221, DE4377, and DE4702) were identified as having three heterozygous variants in two genes, COL11A2 and TMC1; as mutations in these genes had previously been associated with autosomal dominant and autosomal recessive inheritance patterns [38] , we were unable to confirm the pathogenicity of either variant. The gene most frequently associated with a putatively pathogenic variant was MYO15A (4 variants), followed by TMC1 (2), with the remaining genes each having a single putatively pathogenic variant (MYH14, MYO3A, ACTG1, COL11A2, DSPP, GRHL2, and WFS1 (Fig 2) . Beyond the variants specified above, five of the identified variants could be classified as likely pathogenic variants, and the remaining variants were of uncertain significance according to the AMA and ACMG guidelines [39] .
Co-segregation analysis for multiplex probands
We identified four possible candidate variants in two of three multiplex probands, and performed segregation analysis using limited affected or unaffected familial members in Family DE3386 and Family DE3395 (Fig 3A and Fig 3B) . DE3395 is a late-onset hearing loss patient who was found to have p.(Thr277Ile) (c.830C>T) in ACTG1 (Table 1) . Among the family members of DE3395, his mother and two brothers also experienced a progressive deafness phenotype beginning in the first or second decade of life (as seen in the proband). Our direct sequencing identified the p.(Thr277Ile) variant in ACTG1 in two additional affected members of this family (I-2 and II-1) and the proband's daughter (III-1), who had a normal hearing ability at the age of 8 years. The final affected individual (II-3) did not consent to testing, so the genetic result was unavailable. Pipeline used to identify candidate variants. Forty-one patients with CI who lacked the known mutations in common deafness-associated genes were subjected to comprehensive genetic analysis by using an Ion Torrent PGM sequencer to target 40 relatively rare deafness genes. Variants were called using plug-in Torrent variant detection algorithms, annotated through wANNOVAR, and initially confirm using the integrative Genome viewer. Annotated variants were filtered by various criteria, including: being located in an exonic region; being non-synonymous; having an allele frequency < 3% in the 1000 Genomes Project; having a variant frequency of 30-70% for heterozygotes or >85% for homozygotes; and being absent from online databases and 128 ethnically matched normal hearing controls. SIFT, Polyphen 2, and Mutation taster were used to predict the functions of the identified variants; we first filtered for missense variants, and then directly identified indels, splicing site variants, and nonsense variants. Three candidate variants, compound heterozygous variants (p.(Gly1486Val) and p. (Asn1367Lys)) in MYO15A and heterozygous variant (p.Arg694Cys) in MYH14, were identified in individual DE3386 (Table 1) . Sanger sequencing revealed that p.(Arg694Cys) and p. (Asn1367Lys) were co-inherited from his father (I-1) and p.(Gly1486Val) came from his mother (I-2). Because both of his parents are also SNHI patients, we further applied MPS to reveal his parents' variant profiles to know the family's inherited pattern and discovered that his mother (I-2) also had p.(Trp3136Cys) in MYO15A while his father (I-1) had p.(Phe3420-del) in MYO15A (Table 2) . Notably, p.(Phe3420del) in MYO15A has been reported in hearing loss patients from the Chinese Han population [17] .
Correlation of genotype and CI outcomes in patients with candidate variants
The CI outcomes of the 10 patients who harbored the identified candidate variants are listed in Table 3 . All patients had received CI at least 4.9 years prior to enrolling in our study. Among them, patients DE3221 and DE4702 had variants in COL11A2 and TMC1, respectively, and were classified as having poor outcomes. Conversely, patient DE4377, who also harbored a variant in TMC1, showed a good CI outcome. The remaining seven patients had variants in MYO15A, MYO3A, MYH14, ACTG1, WFS1, DSPP, and GRHL2, and tended to have good outcomes (CAP and SIR scores of more than 5 and 3, respectively).
Discussion
In the present study, we sought to clarify the genetic characteristics of non-syndromic deafness patients without the known mutations in common deafness-related genes. Using MPS, we successfully identified candidate variants in 24.4% of these patients (10/41) by targeting 40 relatively less common and non-syndromic hearing loss genes. We also examined the segregation of the potential disease-causing variants in the families of two multiplex probands. Among the patients harboring the identified candidate variants, eight showed good CI outcomes, while two showed poor outcomes.
Several studies conducted in Eastern Asia have detected deafness genes at different rates in various targeted cohorts. For example, Wu et al. found that approximately 20.6% (37/180) of Taiwanese children with CI exhibited mutations in four common deafness-related genes: GJB2, SLC26A4, the mitochondrial 12S rRNA gene, and OTOF [14] . A phenotype-driven candidate gene approach of screening 204 reported hearing loss-related genes followed by targeted resequencing was used to find causative variants in 54.8% of sporadic severe-to-profound hearing loss patients in a Korean population [28] . In another study, MPS was used to genetically screen 60% and 36% of patients with prelingual onset hearing loss and postlingual onset hearing loss, respectively, in a Japanese population [25] . Another study used a comprehensive deafness gene panel (including 50 non-syndromic and 7 non-syndromic/syndromic deafness genes) to screen 125 deaf probands without common mutations in GJB2, SLC26A4, or MT-RNR1, and found potentially causative mutations in 26.4% (33/125) of the patients [17] . Collectively, these studies showed that different targeted genes and objects were selected at different detection rates in Asian populations, and that genetic causes play important roles in different classes of deafness. However, two limitations should be noted with respect to our study: (1) we examined a relatively small population, and (2) our utilized genetic panel did not include all of the reported non-syndromic deafness genes. Thus, some relevant variations may exist in untargeted regions (e.g., introns or regulatory elements) of screened genes and/or untargeted genes. That said, our results could facilitate the design or updating of genetic screening panels that include both common and rare deafness-related variants. Future studies could seek to increase the sample size of non-syndromic hearing loss patients and/or seek to design a new sequencing panel for clinical genomic diagnosis. Our study population included the probands of two deafness-segregating families in which additional family members agreed to participate, allowing us to examine the potential clinical significance of the candidate variants by performing linkage analysis [40] . ACTG1 p. (Thr277Ile) was identified and confirmed in Family DE3395. ACTG1 encodes γ-actin, which is the predominant actin isoform in auditory hair cells, particularly those of the cuticular plate, adherens junction, and stereocilia [41, 42] , and mutations in this gene have been reported to cause the autosomal dominant sensorineural hearing loss, DFNA20/26 [41, 42] . Previous reports found that the onset age of hearing loss in most cases caused by ACTG1 mutation is in the first decade or second decade of life [20, [43] [44] [45] [46] . A similar pattern was seen in DE3395 (II-2) and his affected family members (I-2, II-1, and II-3). We found that three of the four affected family members exhibited the p.(Thr277Ile) variant, with the remaining affected individual (II-3) refusing to participate in genetic screening. The daughter of DE3395 (III-1) was found to have inherited the candidate variant; she currently has normal hearing, but her age (8 years at the time of screening) suggests that the phenotype may not have appeared yet. Thus, she has a high possibility of experiencing progressive hearing loss in the future. The family of Mutations in MYH14, which encodes a long-chain non-muscle myosin IIC protein, were previously reported as causative for ADSNHI and DFNA4 [47] [48] [49] . MYH14 gene expression is detected in the organ of Corti and the stria vascularis in the inner ear; and Hensen cells, Claudius cells, and external sulcus cells which are surrounding the cochlea, all of which are important for the neural system that enables hearing [48] . Although the p.(Arg694Cys) variant is located in a non-functional domain, our findings suggest that additional work may be warranted to examine its potential impact. MYO15A (DFNB3) has been reported as a causative gene for ARSNHI [50] ; it encodes myosin XV, which is an actin-dependent molecular motor family member that can hydrolyze ATP to enable actin filament movement [51] . The amino acids altered by the p.(Gly1486Val) and p.(Asn1367Lys) are located in the myosin motor domain and might impact the protein function in patient DE3386. Since this individual harbored three potentially relevant variants, we were unable to determine whether his deafness phenotype was due to the compound heterozygous variants in MYO15A and/or the heterozygous variant in MYH14. As the parents of DE3389 both had severe hearing loss (Fig 3A) , we recruited them for additional analysis. Direct Sanger sequencing provided limited results: each parent was heterozygous for one of the variants in MYO15A, while the father additionally carried the MYH14 variant. Further MPS-based screening of the parents with our panel revealed that each had an additional variant in MYO15A: the father had p.(Phe3420del), which was reported as a pathogenic allele in a Chinese Han population [17] , and the mother had p. (Trp3136Cys) in MYO15A, which is a novel candidate variant identified herein. This demonstrates that the MPS technique is a powerful tool for identifying genetic defects in hereditary hearing loss.
Several studies in CI patients have demonstrated that those with certain deafness gene mutations showed different treatment responses [14, 20, 24, 25] . For example, mutations in PCDH15 or DFNB59 tended to be associated with poor CI outcomes [24] , whereas good outcomes were usually seen in patients with mutations in MYO6, ACTG1, and or MYO15A who received electric acoustic stimulation (EAS) and CI [21] [22] [23] . Here, we observed good CI performance in patients with variants in MYO15A, MYO3A, MYH14, ACTG1, WFS1, DSPP, and GRHL2. Some reports have described good performance in CI patients with mutations in MYO15A [20, 21] , MYO3A [52] , ACTG1 [22] , and WFS1 [53] . However, our patient DE3221, who had a variant in COL11A2 (Table 3) , had a poor CI outcome. Among our patients, there was a discrepancy in the CI outcomes of two patients with variants in TMC1. Although this gene is expressed in inner and outer hair cells, it does not correspond to our current hypothesis about the relationship of CI outcomes and location of mutated genes. Moreover, as we did not examine the inheritance mode(s) of the TMC1 variants in patients DE4377 and DE4702, it remains possible that one could represent a dominantly inherited pathogenic variant while the other was a recessively inherited carrier allele. We also note that environmental factors might influence the success of CI, leading to unexpected results. Nevertheless, most of the previous studies and our present results are consistent with the idea that the treatment outcome can be roughly predicted from the expression pattern of the variant protein, with a good outcome generally seen for variants in proteins expressed in portions on the cochlea, while a poor outcome seems more likely when the variant is in a protein related to sensory neurons. In the future, this general paradigm could help clinicians and patients make strategic decisions prior to beginning treatment.
In conclusion, we herein used MPS and a filtering strategy to identify candidate variants of rare deafness-related genes in SNHI patients. We also examined potential correlations between the identified variants and CI performance. Our findings support the idea that genetic examination could help predict the performance of implantation, which could assist deaf patients and clinicians in deciding whether or not pursue surgery. 
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